Abstract: The aim of this study was to evaluate the impact of instrumented gait analysis on the walking performance of children with cerebral palsy at The Children's Hospital, Denver. The study population consisted of 2 groups of 10 children; an experimental group (X) and a recommendation matched control group (C). All subjects had 2 instrumented gait analyses at least 1 year apart. Group X was composed of patients who abided by the gait analysis recommendations and completed all surgical interventions. Group C included patients who chose not to follow surgical recommendations from the initial gait analysis but instead pursued alternative nonsurgical treatments. Sagittal and coronal plane kinematic outcomes for each surgical procedure were obtained from comparing sequential instrumented gait analyses, and analyzed using logistic regression. Group X was found to experience a significantly higher percentage of positive outcomes (44%) than Group C (26%). The calculated odds ratio using the Wald test indicated that patients who complied with gait analysis surgical recommendations were 3.68 times more likely to experience a positive outcome than recommendation matched patients who chose not to follow gait analysis recommendations.
I
nstrumented gait analysis has been used to evaluate the outcome of various treatments of gait abnormalities in children with cerebral palsy. 1, 2 Existing literature focuses on the technical aspects of instrumented gait analysis, which compares the therapeutic recommendations from gait analysis to the recommendations made from pure clinical gait evaluation. 3, 8, 9 Although the aforementioned studies are important for demonstrating the proper use and appropriate application of instrumented gait analysis, none of these directly address the clinical value of the technique itself when used as a diagnostic tool.
Proponents argue that instrumented gait analysis objectively and accurately quantifies the gait impairments that result from soft tissue and bony deformities in children with cerebral palsy. 3 Dr Jacquelin Perry was one of the first to document the benefits of gait analysis, stating that instrumented gait analysis provides information not obtainable by the human eye and assists in determining the correlation of multiple factors. 4 Supporters maintain that instrumented gait analysis can reduce the total number of surgical interventions over the child's life by developing a comprehensive treatment plan that includes surgical and nonsurgical options that are able to address multiple muscular and skeletal impairments and joint deformities during the same surgical encounter.
At least 3 inherent difficulties exist in designing a study that objectively documents the clinical effect of instrumented gait analysis. First, subjects comprising the study groups are individuals with unique gait patterns; therefore, comparing these subjects is difficult. Each child requires an individualized treatment plan. Second, evaluation of single-event multilevel surgeries requires that each procedure has its own outcome measure. The challenge is to design a comparison study that is able to evaluate and give equal weight to patients who underwent different numbers and types of surgeries. Finally, a prospective randomized study of instrumented gait analysis poses an ethical dilemma to clinicians trained in its use, as it is not ethical to withhold treatment that is believed to improve the patient's condition.
To address these inherent design constraints, we developed a retrospective study that took advantage of a unique study population that underwent initial gait analysis and then decided not to undergo the recommended surgeries. We matched subjects to this patient group by surgical recommendations, with the matched subjects observing and undergoing the gait analysis recommendations. To address outcome measurements of single-event multilevel surgery, we developed individual kinematic criteria for each surgical procedure and combined them using logistic regression to evaluate the overall outcome of the entire surgical plan.
The purpose of the current study was to quantitatively assess if children with cerebral palsy who observed the recommendations from instrumented gait analysis experienced improved outcomes than matched subjects who chose not to follow gait analysis recommendations and received alternative nonsurgical treatment.
METHODS
All patient data were collected at the Center for Gait and Movement Analysis at The Children's Hospital in Denver, Colorado, under a protocol approved by the Colorado Multiple Institutional Review Board.
Patient Population
Ambulatory patients between 3 and 16 years of age seen at The Children's Hospital, Denver with a diagnosis of spastic cerebral palsy were eligible to be included in this study. The study patients included independent and nonindependent walkers. Of the 20 patients, 18 had previous surgery before their first gait analysis and the average time between previous surgery and initial gait analysis was 4 years (range, 1Y10 years). No patient had botox injections before the initial gait analysis. Subjects were equally divided into 2 groups, a control group (C) and an experimental group (X). Children in Group C chose not to follow the surgical recommendations after gait analysis and continued a course of nonsurgical treatment. The surgical recommendations used for subject matching were made by the gait laboratory team at the time of their original gait analysis as part of a typical clinical referral, and were based on instrumented gait laboratory findings and systematic data interpretation. 5 Subjects underwent either single or multilevel orthopaedic surgery depending on the recommendation from their gait analysis. All subjects underwent 2 instrumented gait analyses (includes split screen video, 3-dimensional kinematics, 3-dimensional kinetics, bilateral electromyograms) spaced at least 1 year apart between July 1999 and July 2004. Patients who followed the surgical recommendations (Group X) had their second gait analysis at an average of 12 months (range, 8Y15 months) after the surgical procedures were performed.
Data Collection
A 6-camera Vicon 512 motion capture system was used to record marker trajectory data at the pelvis, hip, knee, and ankle. A standard lower extremity model implemented using Vicon Workstation's plug-in gait module was used to process these data and produce standardized kinematic graphs, which then yielded normalized joint displacements for each subject. Although we routinely record ground reaction force and dynamic electromyogram from each subject, these data were not used as outcome variables in this study.
Outcome Measurement for Single Event Multi-level Surgeries
For each recommended surgical procedure, either sagittal plane or coronal plane kinematics with a stance and swing phase criteria was chosen to evaluate the outcome of the procedure. The specific outcome criteria selected were based on the joint specific impairment most commonly associated with the target muscle, and their most clinically relevant functional impact on level walking in both stance and swing phase. For example, when a hamstring lengthening was recommended, it was generally associated with excessive knee flexion at terminal stance and terminal swing, so maximum knee extension at terminal stance and terminal swing phase were selected as the outcome criteria. The outcome criteria for each surgical procedure are listed in Table 1 . The analytical method used is based on the principles of logistic regression to assess a cumulative or combined global kinematic measure, and in this respect has some similarity to the Gillette Normalcy Index. 1 The primary advantage of using logistic regression is that it makes a provision for comparing multiple patients with very different surgical plans, and creates a proportional outcome measure that includes both a stance and a swing period criteria for only those surgical procedures that were performed. The overall results are therefore not influenced by measures that are unlikely to change after a surgical procedure far removed from the measured joint, such as peak ankle dorsiflexion in stance after a psoas lengthening.
All kinematic data used for comparing matched subject pairs were converted into 3 categorical variables: negative outcome, positive outcome, and no change. The mapping criteria for these variable conversions were as follows: Negative outcomeVthe joint angles from the second analysis were greater than 5 degrees from the first analysis in a direction further away from normal. Positive outcomeVthe joint angles from the second analysis were greater than 5 degrees from the first analysis in a direction closer to normal. No changeVthe difference between the joint angles from the first and second analyses was less than or equal to 5 degrees in either direction. We selected 5 degrees for our analysis as this was the maximum error for marker placement in our laboratory. An example of a positive outcome for hamstring lengthening can be found in Figure 1 .
Statistical Analysis
After the categorical variable conversion was completed, a cumulative percent negative, percent positive, and percent no-change were calculated considering the outcome of all surgical procedures for each subject. The cumulative percentage across all subjects in each group was then averaged. The outcomes of the 2 groups were compared to determine statistical significance through a Wald's test in conditional logistic regression by converting the 3 categorical variables into 2 dichotomous variables (no change and negative combined). Finally, an odds ratio was calculated.
RESULTS
The patient population (Table 2) consisted of 20 patients, 10 boys and 10 girls. The mean age at the time of initial gait analysis was 9.41 years old (SD = 2.97, range, 4.83Y15.92). Surgery was performed on subjects in Group X an average of 7 months after the first gait analysis (range 2.5Y13 months) and the average number of surgeries performed was 5.9 (range 2.0 Y8.0). Patients who underwent surgery received their second gait analysis at an average of 1 year after their surgical procedures. A quantitative summary of the categorical variables for Group C and Group X can be seen above in Table 3 . The percentage of positive outcomes for Group C was determined to be approximately 26% whereas that of Group X was approximately 44%, suggesting that those children who observed surgical recommendations experienced a greater percentage of positive outcomes than children who used nonsurgical alternatives. The Wald's test revealed that patients in Group X had a significantly greater percentage of positive outcomes (P G 0.0001) than those patients in Group C. Furthermore, the odds ratio analysis indicated that Group X was 3.68 times more likely (95% confidence interval: 2.0 Y7.0) to experience a positive outcome than Group C. The percent no change/ negative outcome was not significantly different between the 2 groups (P = 0.6298). A graphical comparison between the categorized outcomes of the 2 groups can be found in Figure 2 .
DISCUSSION
The current study demonstrates that patients who follow the surgical recommendations of instrumented gait analysis are 3.68 times more likely to have a positive result than patients who pursue alternative treatment. Although not a traditional outcome study, the results demonstrate that gait performance can be significantly improved when instrumented gait analysis is used as a diagnostic tool to determine the appropriate surgical intervention.
In the hands of clinicians trained in its use, instrumented gait analysis can improve clinical outcome by suggesting more timely and appropriate surgical procedures that may not be clearly detectable during a routine orthopaedic examination. Instrumented gait analysis is used to explicitly characterize the movement and muscular impairments that lead to an abnormal gait pattern. The instrumentation objectively measures multiple joint and limb segments simultaneouslyV complex data that cannot be detected by visual inspection alone. Skeletal deformities, joint and muscle contractures, and abnormal muscle firing patterns can then be defined and differentiated from compensatory movements to better understand an individual's overall gait abnormality. It is important to bear in mind that in the end, it is the clinical decisions drawn from instrumented gait analysis and the success of the recommended interventions that determine clinical outcome, not the gait analysis itself. For example, clinicians commonly use x-ray, computed tomography, magnetic resonance imaging, electrocardiogram, or a cardiac stress test in a similar fashion to assist in their clinical decision making process.
Aside from the quantitative results presented, the current study suggests that the inherent problems associated with comparing gait analysis outcomes of subjects with different functional deficits, and subsequently different therapeutic prescriptions, can be overcome by matching patients by their surgical recommendations. The development of criteria to establish simple categorical variables to assess patient outcomes was unique to this study and may be useful to measure outcomes in future studies. In addition, distinctive to this study was the use of categorized percentages in conditional logistic regression to compare and analyze the overall outcome of each patient rather than each individual procedure.
This study indicates that the use of instrumented gait analysis and adherence to gait analysis recommendations is beneficial to children with cerebral palsy by documenting improved clinical outcomes when the surgical recommendations are observed. Previous studies have demonstrated that recommendations from instrumented gait analysis are significantly different from recommendations from clinical evaluation. 3, 8, 9 One study, by Cook et al, 3 found that 40% of the clinical recommendations were altered by gait analysis at the joint level or type of surgery. A second study, by DeLuca et al, 8 produced results that were even more convincing. DeLuca et al 8 compared surgical recommendations for patients with cerebral palsy assessed clinically and with video recordings before and after instrumented gait analysis. In this study, surgical recommendations were altered after gait analysis in 52% of the cases. A third study comparing clinical recommendations to gait analysis recommendations showed that the surgical treatment plan was altered after gait analysis in 62 of 70 patients (89%). The surgical correction of multiple impairments after gait analysis has been shown to have better functional change in ambulatory children and adolescents with cerebral palsy. 2, 6, 7 Kay et al 9 also demonstrated that 39% of surgeries recommended before the gait analysis were determined to be unnecessary after instrumented gait analysis.
The results of these aforementioned studies suggest that instrumented gait analysis is capable of detecting subtle soft tissue abnormalities and precise foot-ankle deficits that cannot be diagnosed by patient observation alone, and, therefore, is beneficial in the evaluation and development of treatment recommendations for patients with gait abnormalities. The current study, when combined with the results of FIGURE 2. Percent negative outcome, no change, and positive outcome for both the control group (C) and the experimental group (X). Asterisk indicates that the percent positive outcome in Group X is significantly greater than that of the control group. The difference between the no change and negative outcomes is not significant. Cook et al, 3 DeLuca et al, 8 and Kay et al, 9 indicates the benefit of using instrumented gait analysis in surgical treatment planning for patients with gait abnormalities, especially for children with cerebral palsy.
